Objective: To determine the clinical significance of the polymerase chain reaction (PCR)-reverse dot blot (RDB) human papillomavirus (HPV) genotyping assay in cervical cancer screening. Methods: A total of 10,442 women attending the Fujian Provincial Maternity and Children's Health Hospital were evaluated using the liquid-based cytology (thinprep cytologic test [TCT]) and the PCR-RDB HPV test. Women with HPV infection and/or abnormal cytology were referred for colposcopy and biopsy. For HPV DNA sequencing, 120 specimens were randomly selected. Pathological diagnosis was used as the gold standard. Results: Using the PCR-RDB HPV test, overall HPV prevalence was 20.57% (2,148/10,442) and that of high-risk (HR)-HPV infection was 18.68% (1,951/10,442). There was 99.2% concordance between HPV PCR-RDB testing and sequencing. In this studied population, the most common HR-HPV types were HPV-16, -52, -58, -18, -53, -33, and -51, rank from high to low. HPV-16, -18, -58, -59, and -33 were the top 5 prevalent genotypes in cervical cancer but were the top 5 highest risk factors for cancer (odds ratio [OR]=34.964, 7.278, 6.728, 6.101, and 3.658; all p<0.05, respectively). Among 10,442 cases, 1,278 had abnormal cytology results, of which, the HR-HPV positivity rate was 83.02% (1,061/1,278). To screen for cervical cancer by PCR-RDB HPV testing, when using CIN2+, CIN3+, and cancer as observed endpoints, the sensitivity was 90.43%, 92.61%, and 94.78% and the negative predictive value (NPV) was 99.06%, 99.42%, and 99.78%, respectively. PCR-RDB HPV and TCT co-testing achieved the highest sensitivity and NPV. Conclusion: For cervical cancer screening, the PCR-RDB HPV test can provide a reliable and sensitive clinical reference.
INTRODUCTION
Cervical cancer is the second most frequent cancer among women globally, especially in developing countries. It is estimated that there were roughly 527,624 newly diagnosed cervical cancer cases and 265,653 related deaths in 2012 [1] . Despite the successful implementation of cytopathological screening programs, every year approximately 11,000 women are diagnosed with cervical cancer and 3,900 die from this disease in the United States of America [2] . In China, the age-standardized incidence and mortality rate is 7.5 and 3.4 per 100,000 women, respectively [3] .
More than 150 different genotypes of human papillomavirus (HPV) have been identified thus far, and there are approximately 40 known genital HPVs [4, 5] . Genital HPV genotypes are categorized according to their epidemiological association and ability of causing genital cancers. Infection with low-risk HPV (LR-HPV) types, such as HPV-6 and -11, can cause early or low-grade changes in cervical epithelial cells. However, substantial evidence has confirmed that persistent infection with high-risk HPV (HR-HPV) is a major causative factor for malignant transformation of cervical epithelial cells and for the development of cervical intraepithelial neoplasia (CIN) and invasive cervical cancer [5] [6] [7] . Although it is well known that HPV-16 and -18 are the predominant HR types found in cervical cancer tissue worldwide, the prevalence of the other HR-HPV types show geographical and regional variation [8] [9] [10] . The prevalence of HR-HPV in Fujian province, which lies in the south and east of China and has a population of 39 million, is still not clear yet.
The first HPV test approved for use in cervical screening programs was the Qiagen ® Hybrid Capture 2 (HC2) assay (QIAGEN Inc., Gaithersburg, MD, USA), which employs an RNA probe cocktail to induce a chemiluminescent reaction upon HPV DNA binding with any of the 13 HR types. HC2 generally has good clinical utility for the detection of high-grade premalignant disease graded CIN2 or CIN3 [11, 12] , but there have been concerns about its low specificity and positive predictive value (PPV). Several reports have indicated that it erroneously detects LR-HPV types [13] [14] [15] and may even cross-react with non-HPV DNA [16] . This is seen more in older women, where polymerase chain reaction (PCR) fails to detect HR-HPV in as many as 50% of HC2-positive samples [17] . In 2011, the Cobas ® HPV test (Roche Molecular Systems Inc., Branchburg, NJ, USA), a PCR-based genotyping method, received Food and Drug Administration (FDA) approval for screening of cervical cancer [18] . Moreover, in 2014, the FDA approved the Cobas ® HPV test (Roche Molecular Systems Inc.) for use as a first-line primary screening test for cervical cancer in women aged 25 and older [19] . In 2015 the Society of Gynecologic Oncology (SGO)/American Society for Colposcopy and Cervical Pathology (ASCCP) guidelines addressed the use of HR-HPV testing alone as a primary screening approach, which also suggest the use of genotyping for HPV-16 and -18 as a way to triage HR-HPV positive women [20] .
In this study, we evaluated the PCR-reverse dot blot (PCR-RDB) Yaneng ® Human Papillomavirus Genotyping kit (Yaneng Biotech, Shenzhen, China) for the detection of 23 types, 18 HR, and 5 LR-HPV types. RDB assays have been used to detect certain genetic disorders on the basis of technical simplicity. It is a well-developed method that can genotype multiple single nucleotide polymorphisms (SNPs) simultaneously, and can be used for the diagnosis of homozygous, hemizygous, and heterozygous-deficient patients [20] . It has been successfully used for several genetic disorders, including thalassemia and G6PD deficiency [21] [22] [23] [24] . The purpose of this study was to estimate the overall HPV prevalence, type-and agespecific prevalence, extent of multiple infections in a hospital-based population from Fujian province. Furthermore, the clinical performance characteristics of the Yaneng ® PCR-RDB assay (Yaneng Biotech), including the sensitivity, specificity, PPV, and negative predictive value (NPV) for the detection of CIN2 and greater (CIN2+) cervical lesions was evaluated.
MATERIALS AND METHODS

Study population
All specimens were collected from women in the Fujian Provincial Maternity and Children's Health Hospital of Fujian Medical University (FMCH) by using plastic cervical swabs. The study was approved by the Hospital Ethics Committee of FMCH. The population eligible for this study included 10,442 women (age range: 18 to 82 years old), which involved 2 cohorts, one consisting of healthy patients undergoing routine physical examination, and another consisting of patients visiting the outpatient clinic for any gynecologic conditions. All women received PCR-RDB HPV genotyping and cytology screening by gynecological practitioners between July 2008 and August 2014. The population consisted of hospital staff, policewomen, teachers, workers, civil servants, and retirees. The participants were required to fulfill the following criteria: 1) sexually active women of age 18 years or older; 2) no previous histology of gynecological diseases; 3) have not participated in any previous cervical cancer screening project; and 4) willingness to undergo HPV testing. The study flowchart is shown in (Supplementary Fig. 1 ). All patients provided informed consent.
Cervical specimen collection
Cervical cells were collected from the cervical canal of all participants with plastic brushes and placed into 20-mL vials of ThinPrep ® PreservCyt ® solution (Hologic Inc., Waltham, MA, USA) for cytology and into 2-mL vials of preservation solution for HPV DNA testing. The samples for cytology were stored at 4°C. For HPV assays, 1 mL of the cells collected in the preservation solution was used to extract HPV DNA and stored at −20°C.
Liquid-based cytology
Cytological specimens were blinded and evaluated, independent from the results of the other assays by 2 experienced cytopathologists. If the diagnosis was different, the cervical samples were reviewed again and a consensus diagnosis was obtained. The results were evaluated using the Bethesda system. Samples were classified as: negative for intraepithelial lesion or malignancy (NILM), atypical squamous cells of undetermined significance (ASC-US), low-grade squamous intraepithelial lesion (LSIL), atypical squamous cells, not possible to exclude high-grade squamous intraepithelial lesion (ASC-H), high-grade squamous intraepithelial lesion (HSIL), squamous cervical cancer (SCC), atypical glandular cells (AGC), and adenocarcinoma in situ (AIS).
PCR-RDB HPV genotyping for 23 types
The PCR-RDB HPV genotyping for 23 types (Yaneng Biotech) assay can identify 18 HR-HPV types (16, 18, 31, 33, 35, 39, 45 , 51, 52, 53, 56, 58, 59, 66, 68, 73, 82, and 83) and 5 LR-HPV types (6, 11, 42, 43 , and 81). The L1 consensus HPV PGMY09/PGMY11 primer set [10] was used to amplify 5 μL of the extracted HPV DNA or control (positive or negative) in the 24-μL reaction system. HPV was amplified in a thermal cycler under the following conditions: 50°C for 15 minutes, 95°C for 10 minutes, followed by denaturation at 94°C for 10 seconds, annealing at 45°C for 90 seconds, and extension at 72°C for 30 seconds for a total of 40 cycles. After amplification, HPV genotyping was done by hybridization and RDB on the strips fixed with 23 different typespecific probes. The blue spots on the strip could be judged as positive by the naked eye.
Interpretation of HPV infection and HPV gene sequence analysis
The numbers on the strip represented the HPV genotypes, for example, "16" for HPV-16, and "IC" was the abbreviation for internal control (Supplementary Fig. 2A) . A blue spot observed only on "IC" indicated no HPV infection or below the limit of detection (Supplementary Fig. 2B ). If both "IC" and any one site of HPV types showed a blue-spot signal, the sample was considered positive specifically for a single HR-HPV infection ( Supplementary Fig. 2C and D) , while blue dot signals observed on multiple sites represented a multi-type HPV infection ( Supplementary Fig. 2E  and F) . However, if the "IC" site and HPV genotype sites were negative, the test was considered invalid. Sixty cases that were HPV-positive by PCR-RDB and 60 cases that were HPV-negative were randomly chosen for gene sequencing by Sunbiotech Co., Ltd, Beijing, China.
Histology
Women who were HPV-positive and/or had an abnormal cytological result (with a grade higher than ASC-US) were referred for colposcopy and punch biopsy. Women with a punch biopsy diagnosis greater than HSIL received a loop electrosurgical excision procedure (LEEP) cone biopsy or conization by cold knife. Specimens were fixed in 10% formalin and routinely processed for paraffin embedding. Subsequently, 4-μm-thick histological sections were cut and stained with hematoxylin and eosin using the standard method. Cervical biopsy specimens were then histologically examined and classified according to the CIN system [16] .
Statistical analysis
The performance characteristics of the screening tests were evaluated by calculating the sensitivity, specificity, PPV, and NPV according to the standard definitions for CIN2, CIN3, and invasive cervical cancer. All confidence intervals (CIs) were exact binomial CIs. Chi-square test, Fisher's exact test, and cumulative risk analysis were performed. In addition, an analysis exploring PCR-RDB test characteristics at different cut points was undertaken. These results were then plotted. All data analyses were performed using SPSS 17.0 (IBM, Chicago, IL, USA).
RESULTS
Consistency between PCR-RDB HPV test and HPV gene sequencing
There were 120 specimens that were chosen randomly to compare the result of PCR-RDB HPV genotyping and HPV gene sequencing ( Supplementary Fig. 2G and H). Among them, only one case was not consistent with HPV-positive results, which was positive by PCR-RDB but negative in HPV DNA sequencing. Overall, there was 99.2% (119/120) concordance between the 2 methods.
Prevalence of HPV infection
This study cohort consisted of 10,442 women who had undergone PCR-RDB HPV genotyping and cytology screening. The average age of participants in this study was 38.00±9.96 years old (range: 18 to 82 years old). All 23 HPV subtypes could be detected ( Table 1 
PCR-RDB HPV test in cervical cancer screening
HPV infection rate showed a bi-modal trend, increasing with an increase in age, and the HPV infection rate of different age groups was statistically significant (χ (Fig. 1C) , and they are HPV-52, -16, -58, -43, -18 in the cases with pathologic diagnosis as LSIL (CIN1) (Fig. 1D) . But they are HPV-16, -58, -52, -33, -18 in HSIL cases (CIN2 and CIN3) and HPV-16, -18, -58, -59, -33 in cervical cancer cases ( Fig. 1E and F) .
HPV infections in patients with different cytology results
Out of 10,442 cases, cytological examination was normal in 87.76%. Abnormal cytology results were detected in 1,278 patients, including 5.62% (587/10,442) with ASC-US and ASC-H, 2.99% (312/10,442) with LSIL, 3.04% (317/10,442) with HSIL or cervical squamous carcinoma, and 0.59% (62/10,442) with AGC or cervical adenocarcinoma. Comparing the overall HR-HPV infection rate, the HR-HPV positivity rate was 11.86% in women with NILM and 83.02% in women with abnormal cytological results (χ 2 =2,022.140; p<0.010). HR-HPV prevalence was 74.45% in patients diagnosed with ASC-US, 90.71% in patients with LSIL, 94.64% in patients with HSIL and cervical squamous carcinoma, and 66.13% in patients with AGC and AIS, which were significantly higher than in the NILM population (all p<0.010). The top 5 most frequent HR-HPV types in different age groups were also analyzed in patients with different cervical lesion (Fig. 2). 
HPV infections in patients with different cervical lesions
Overall, 8,077 patients were negative for both cytology and HPV infection, and 2,365 cases with either HR-HPV positive or abnormal cytology were referred for colposcopy and biopsy. The pathology result was used as a final diagnosis standard. In patients with abnormal cytology, the detection rate of CIN2+ lesions in the HPV-positive group was significantly higher than that in the HPV-negative group ( HPV type by age groups [97/283] vs. 41.3% [12/29] ; p=0.540) ( Table 2) . In respect to different pathological changes, with an advance in the grade of lesion, the HR-HPV detection rate also increased, while there was no apparent change in the LR-HPV detection rate for these same categories (NILM, 23.14%; CIN1, 24.02%; CIN2, 14.72%; CIN3, 9.54%; and cervical cancer, 9.45%; p>0.050).
The cumulative risk of HR-HPV genotype for cervical cancer
Infection with different HR-HPV subtypes showed a different risk for cervical lesions. In the detection of HPV subtypes, the detection rate of HPV- 16 (Fig. 3A) . Risk assessment of CIN2 showed the following: (Fig. 3C) . Infection with HPV-16 was the most important risk factor for cervical cancer occurrence (OR=34.964; 95% CI=26.178-46.898), followed by HPV-18 (OR=7.278; 95% CI=4.640-12.418), HPV-59 (OR=6.728; 95% CI=3.708-12.207), HPV-45 (OR=6.101; 95% CI=2.381-15.631), HPV-33 (OR=3.658; 95% CI=1.896-7.058), and all p<0.05 (Fig. 3D). 
HPV, thinprep cytologic test (TCT), and TCT combined with HPV (co-testing) in screening for cervical cancer
The sensitivity, specificity, PPV, NPV, positive likelihood ratio (PLR), and negative likelihood ratio (NLR) were analyzed for different screening methods by HR-HPV, TCT, or co-testing (TCT+HR-HPV) when used to predict CIN2+, CIN3+, and cervical cancer as critical endpoints ( Table 3 ). The results show that the sensitivity of co-testing and HR-HPV were higher than that of TCT. With the increase in cervical lesions, the sensitivity of the HPV, TCT, and cotesting rose, but the specificity was reduced.
DISCUSSION
Limited epidemiologic data are available for the national incidence of cervical cancer in China. The reported rate of abnormal cytology with ASC-US or greater varies from 8.9% to 25.7%, and the HPV infection rate varies from 6.93% to 26.0% [17, 25, 26] . In a cervical screening program of 8,556 healthy volunteers in Shenzhen, the abnormal cytology rate was 12.1% and HPV prevalence was 13.6% by the HC2 method and 11.1% by the Cervista ® method (Hologic Inc., Madison, WI, USA) [26] . As for HR-HPV infection prevalence, a survey based on 13 Chinese medical centers with 30,207 cases showed an HPV infection rate of 17.7%, while the age-standardized prevalence was 16.8% [17] . Possible reasons for this inconsistency include sampling error, different study populations, geographical prevalence, racial differences, and differences in detection methods. In our study, based on a local center hospital population, the rate of abnormal cervical cytology was 12.24%, and the HPV infection rate was 20.57% when detected by PCR-RDB testing. Compared with the community population, the HPV infection rate was higher in our study, while it was consistent with the data from single-center or multicenter studies in China. The reason for this may be that hospital population-based surveys are opportunistic screenings with a selection bias [27] .
Our results showed that the detection rate of CIN2+ by TCT in patients with abnormal cytology was 44.44% (568/1,278); in particular, the detection rate of CIN2+ was 24.19% (142/587) in patients with ASC, and 29.03% (18/62) in patients with ≥AGC. These results are consistent with the FDA reports. The category of "atypical squamous/glandular epithelial cells" refers to the existence of atypical cervical cells, not satisfying the diagnostic criteria of CIN. It may be associated with inflammation, intrauterine devices, poor slide preparation, age-related cellular changes, CIN, or cancer [28] . Several studies have suggested that abnormal cytological findings in the normal population can lead to erroneous diagnosis of ASC, AGC, or even LSIL [29] . Therefore, some more effective methods such as HPV assays and immunocytochemistry are needed to complement cytology for cervical cancer screening.
In our study, the most common types of HPV in Chinese patients were HPV-16, -52, -58, -43, -18, -53, -33, and -51. The prevalence of HR-HPV subtypes in different population showed a great variety. According to our data, the HPV-52 is the most frequent in the pathologic diagnosis as NILM and LSIL (CIN1) groups but not HPV-16. However, the top 5 genotypes in cervical cancer are HPV-16, -18, -58, -59, and -33. Interesting, the HPV-43 is the most common mixed infection LR-HPV. Infection by different HPV subtypes possesses potentially different risks for developing cervical cancer. The risk of HSIL lesions increase with age. It may be associated with the most infection in young women is HPV-52, a relative LR-HR-HPV to cancer. Some HR-HPV infection in young women can be spontaneously cleared within 12 months of infection [30] . But the elder women are most infected by HPV-16, the highest risk for cancer. Other explanations for the observed higher frequency of infection in older women can be the cohort effect or the reactivation of a latent HPV infection in the setting of agerelated declining immunity [31] .
Our study showed that the PCR-RDB HPV assay and cervical tissue pathology were positively correlated, indicating that the PCR-RDB technology can accurately detect HPV infection in cervical lesions. The success of HPV testing in clinical practice is largely dependent on its high sensitivity and NPV [28] . Therefore, false-negative results should be particularly worrying. To avoid this problem, an internal quality control was used in the PCR-RDB method to evaluate the occurrence of false negatives. In the detection of CIN2+ and CIN3+ by the PCR-RDB HPV test, the sensitivity was 90.43% and 92.61%, and the NPV was 99.06% and 99.42%, respectively. A prospective study showed that women with HPV-positive and cytology-negative findings have a higher risk of cervical lesions than those with HPV-negative and cytology-negative results in the following 5 years [32] . Detection of HR-HPV DNA can help physicians to stratify women in different risk categories.
Our results confirmed that in the cases of normal cytology, the PCR-RDB HPV test could help reduce the rate of misdiagnosis of CIN2+ lesions. Among the patients with normal cytology and HR-HPV positivity, 12.33% (134/1,087) were eventually diagnosed with CIN2+ and 3.04% (33/1,087) with cervical cancer. In the 2012 ASCCP guidelines, in the cases of negative cytology but positive HPV infection, 2 possible management strategies are recommended: either repeating cytological examination after 12 months, or performing HPV genotyping to exclude a HPV-16 or -18 type infections. Detection by PCR-RDB HPV genotyping can identify the genital HPV subtypes. Our data showed that of the patients with cytological results of NILM, ASC-US, and AGC, the HR-HPV positive women had a higher incidence of CIN2+ cervical lesions than HR-HPV negative women. Thus, those women may require more aggressive clinical intervention as opposed to watchful waiting. Meanwhile, HPV-negative patients have better clinical outcomes and they can be followed up for longer observation periods, avoiding overtreatment. HR-HPV detection using a standardized kit is more objective than cytological diagnosis [28, 32] . Combination of HPV detection and cytology can improve the sensitivity and the NPV of screening for cervical cancer and CIN. According to the ASCCP guidelines, for women with a cytological diagnosis of ASC-US, the best clinical treatment should be supplemented feedback HPV detection to further triage and manage the disease. Moreover, the guidelines also recommend that women over the age of 30 receive combined cytology and HR-HPV detection as preliminary screening [20] .
This is the first big study regarding the clinical application of the PCR-RDB HPV test in China. Our results show that the PCR-RDB HPV test is a reliable, sensitive, and accurate method, which can provide more clinical reference value. This clinical study confirmed that both the PCR-RDB HPV test alone or in combination with cytology was easy to use as a primary screening method.
